and recent studies have been able to highlight what seem to be comparable traits of the 2 sibling malignancies [11] . For one thing, over the past years, there has been a documented increase in the incidence of malignant melanoma of the skin as well as of the conjunctiva. In particular, the incidence of tumors in locations that are exposed to UV light has increased in both entities, and many authors presume this to be an indicator of phenotypical similarity. In the case of CM, they are predominantly epibulbar tumors developing from PAM, as well as tumors in patients >65 years of age [2, 3, [14] [15] [16] [17] .
Similar to the melanoma of the skin, CM has been shown to harbor activating mutations of BRAF (rapidly accelerated fibrosarcoma), an oncogenic serine/threonine kinase in the mitogen-activated protein kinase (MAPK) pathway [18] . In skin melanoma, BRAF mutations have been described to occur in 32-60% of cases [17, [19] [20] [21] [22] . Similarly, in CM, mutated BRAF can be observed in 29-50% of cases [11, 16, 23] . In contrast, activating mutations of BRAF in UM are virtually nonexistent [2, [24] [25] [26] .
Furthermore, several overlapping clinical features between CM and skin melanoma can be found. In case of metastasis, both types of tumor usually spread to the regional lymph nodes first, while UM primarily metastasizes hematogenously to the liver [5, [8] [9] [10] [27] [28] [29] [30] [31] [32] [33] . Both CM and skin melanoma are highly positive for S100 on immunohistochemical staining. In UM, however, S100 expression has been shown to be significantly lower than in CM. Furthermore, serum levels of S100 can also serve as a prognostic marker in skin melanoma [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . Other pigment markers that have been assessed with regard to their labeling of skin melanoma, CM, or UM are tyrosinase, p75 NTR (p75 neurotrophin receptor), HMB (human melanoma black)-45, HMB-50, melan-A, and microphthalmia-associated transcription factor [34, 36] . While p75 NTR has been found to exclusively label skin melanoma cells, the remaining pigment markers were shown to label skin melanoma cells as well as CM and UM [34, 36] .
The comparability of premalignant lesions in CM and skin melanoma is still subject to discussion, and no clear relationship between PAM with atypia and lentigo maligna has been established yet. While, to some degree, both types of lesion present similar clinical and pathological traits, no solid evidence of phenotypical kinship has been provided to date [37, 38] .
Clinical management of CM proves difficult, with high rates of local recurrence and lymphogenic metastasis. Since CM is a rare malignancy, therapy regimes are generally based on experience obtained from relatively few case series throughout recent years. Nevertheless, considering the fact that to a certain extent CM appears to be clinically related to skin melanoma, a few parallels could be cautiously drawn and treatment options that are well established in the clinical management of skin melanoma could logically be adopted for the treatment of CM.
Therapy usually comprises wide surgical excision with cryotherapy applied to the margins followed by adjuvant therapy. The latter includes application of cryotherapy, radiotherapy, or topical chemotherapeutic agents. Radiotherapeutic options encompass brachytherapy, applying either ruthenium-106 or strontium-90 plaques, and proton beam radiation [39] [40] [41] [42] . Alternatively, mitomycin C or interferon alfa-2b can be considered for topical administration [43] [44] [45] . Additionally, anti-VEGF (vascular endothelial growth factor) targeted therapies such as bevacizumab eye drops have recently been proposed as a novel possibility to prevent metastasis [46] .
Unfortunately, in case of metastatic disease, there are no established systemic treatment options available. However, with recent advances in the treatment of skin melanoma, a handful of novel agents targeting specific pathways involved in the generation of prooncogenic stimuli have emerged that might be suited to effectively enhancing disease control in metastatic CM as well. Among these, the use of BRAF inhibitors in combination with MEK (MAPK/ERK kinase) inhibitors is one of the most promising approaches [47, 48] . Through inhibition of the Ras-Raf-MEK/ERK-MAPK (ras, rat sarcoma; ERK, extracellular signal-regulated kinase) pathway, these new substances have been proven to prolong disease-free survival with skin melanoma. Here, we are giving an overview on combined BRAF/MEK inhibition as a potential new treatment option in the management of CM.
BRAF Mutations in CM
The MAPK (Ras-Raf-MEK/ERK) signaling pathway ( Fig. 1 ) is typically hyperactivated in over 80% of malignant melanomas [49] . The BRAF gene encodes B-raf, a serine/threonine kinase that is part of the MAPK pathway, and activating mutations in BRAF have been shown to have a prooncogenic effect that drives cell proliferation as well as tumor progression in melanoma [50] . In up to 50% of CM, activating BRAF mutations can be found [11, 16, 23] . Another notable mutation that is common in CM is hyperactivated NRAS (in up to 18%) [18] . BRAF and NRAS mutations are considered to be mutually exclusive [51] .
Several specific activating mutations have been identified in exons 11 and 15 of the BRAF gene. Out of the 29-50% of CM that have been described to present a mutation in BRAF [11, 16, 23] , 74-82% carry BRAF V600E and 18-20% carry BRAF V600K, with up to 6% carrying other mutations [16, 21] .
There is controversy as to whether or not an activating BRAF mutation results in a distinct clinicopathological phenotype in CM, and recent studies have produced conflicting results. Evidence suggests that mutated BRAF is associated with younger age at diagnosis, a sun-exposed location (caruncle or epibulbar conjunctiva), intermittent but not chronic sun damage, development from benign nevi instead of PAM with atypia, T1 stage, and male gender [16, 21, [52] [53] [54] . This is in accordance with skin melanoma, where BRAF-mutated tumors have been associated with a distinct, more aggressive phenotype, intermittent sun exposure, and lower age at diagnosis [17, 55, 56] .
However, in contrast to skin melanoma, where BRAF mutations are associated with earlier locoregional lymph node metastasis and brain metastasis, no such clinical association could be shown for CM. In a recent study from Denmark, no significant influence of mutated BRAF on mortality, disease-free survival, local recurrence, or distant metastasis was observed for CM [16] .
Similar to skin melanoma, BRAF mutations can often already be detected in benign nevi as well as in metastatic CM [11, 16, 49, 57] , thus leaving room to speculate that BRAF mutations alone do not generate a distinct clinicopathological phenotype. Instead, the combination of BRAF mutations with other mutations might drive tumorigenesis towards a more aggressive phenotype that is more prone to metastasis [21] .
BRAF/MEK Inhibitors as a New Treatment Option
At the point of metastatic disease in CM, treatment options become very limited. There are no established systemic chemotherapy protocols available to apply when distant metastases are present. However, since CM and skin melanoma generally present with the aforementioned similarities, treatment regimes that have yielded successful results in skin melanoma might also be applied to CM.
Over the past years, therapy for skin melanoma has been revolutionized by recent advances in the field of targeted therapies. These include selective inhibition of the MAPK pathway by inhibition of either BRAF or the inhibition of MEK, another protein kinase positioned further downstream from BRAF, or combination of the two. Both of these classes of drugs have already been approved by the US Food and Drug Administration (FDA). Available substances include the BRAF inhibitors dabrafenib and vemurafenib as well as the MEK inhibitors trametinib and cobimetinib. However, all of these agents are still subject to further investigation and can only be tried in cases where the MAPK pathway is hyperactivatedwhich, in skin melanoma as well as in CM, is mostly due to activating mutations of BRAF or NRAS [22, 57, 58] . Vemurafenib is a selective inhibitor of BRAF with proven potential to improve overall prognosis in the treatment of BRAF-mutated metastatic melanoma of the skin. Several phase II and phase III trials have been conducted to investigate the presumed benefit. The trials included patients with unresectable stage III or IV melanoma positive for either BRAF V600E or BRAF V600K. In the available studies, vemurafenib single-agent therapy was either tried without a control group in a study including 132 patients [22] or compared to dacarbazine treatment in a trial including 675 patients [59] . Later, it was also tested against combined vemurafenib plus cobimetinib treatment in a trial including 495 patients [48, 60] and against combined dabrafenib plus trametinib treatment in a trial including 704 patients [58] . The overall response rates to systemic vemurafenib treatment ranged from 45 to 53% [22, 48, 59, 60] . In comparison, the response rate to conventional dacarbazine treatment was only 5% in the study comparing the 2 agents [59] . However, in some cases, vemurafenib had to be applied for up to 6 months until a response manifested. In that study [59] , median progression-free survival was 5.3 months for the vemurafenib group compared to 1.6 months for the dacarbazine group, and the 6-month survival rate observed was 84% for the vemurafenib group compared to 64% for the dacarbazine group. Due to the BRAF inhibitor's superiority in that study, a crossover was recommended by the safety and monitoring board. Interestingly, an objective response could be shown for BRAF V600E as well as for V600K subpopulations.
Overall, the median response duration for vemurafenib ranged from 6.2 to 7.5 months [22, 48, 58, 60] , and median progression-free survival ranged between 5.3 and 7.3 months [22, 48, [58] [59] [60] . Median overall survival was shown to range from 15.9 to 17.4 months, depending on the study [22, 48, 58, 60] .
Similar results were obtained for dabrafenib, another selective BRAF inhibitor, showing a benefit of systemic dabrafenib treatment for BRAF-mutated, unresectable stage III or stage IV melanoma of the skin. In a series of stage II and stage III trials, the superiority of dabrafenib treatment over conventional dacarbazine treatment could be demonstrated. In the available studies, dabrafenib was tried either against dacarbazine in a trial including 250 patients [61] or against a combination of dacarbazine plus trametinib in 2 trials including 247 [62] and 423 [63] patients, respectively.
When tested against dacarbazine [61] , the objective response rate was 50% in the dabrafenib group versus 6% in the dacarbazine group. Median progression-free survival was found to be 5.1 months in the dabrafenib group compared to 2.7 months in the dacarbazine group. The estimated median response duration was 5.5 months in the dabrafenib group and was not met in the dacarbazine group.
Overall, the studies at hand showed response rates to dabrafenib between 51 and 54% [62, 63] , with a median response duration of 5.6 10.2 months [62, 63] and median progression-free survival of 5.1-8.8 months [61, 63] , depending on the study. The median overall survival of patients treated with dabrafenib in these studies was not reached, and the 6-month survival rates were up to 85% [61] [62] [63] . As was shown before for vemurafenib, these data demonstrate the superiority of dabrafenib over conventional dacarbazine treatment.
Unfortunately, a common drawback of single-agent MAPK inhibition is the development of resistances, usually occurring within 6-8 months. The driving force behind this is a reactivation of the MAPK pathway that has been shown to occur in different ways. For example, overexpression of the CRAF isoform as well as activating NRAS mutations have been proposed as possible mechanisms for reactivating MAPK signaling and thus limiting the serviceability of BRAF inhibitors [64, 65] . Furthermore, enhanced signaling of the protein kinase COT (cancer Osaka thyroid; also referred to as tpl-2, MAP3K8) has been shown to activate ERK independently of Raf, which is positioned further upstream of the signaling cascade. In an in vitro study using skin melanoma cells, inhibition of BRAF resulted in elevated levels of COT protein and subsequent ERK phosphorylation, thereby possibly driving MAPK pathway activation [66] .
In order to overcome the early development of resistances, combination therapy with BRAF inhibitors plus MEK inhibitors has been proposed. With regard to the combination of vemurafenib plus cobimetinib versus vemurafenib alone [48, 60] , as well as of dabrafenib plus trametinib versus dabrafenib alone [62, 63] or vemurafenib alone [58] , clear advantages of combination therapy over single-agent BRAF inhibition were demonstrated in the aforementioned trials. For the group treated with vemurafenib plus cobimetinib [48, 60] , an objective response rate of 68%, a median response duration of 9.9 months, median progression-free survival of 7.2 months, and median survival of 22.3 months were found.
The groups treated with dabrafenib plus trametinib [58, 62, 63] showed response rates of 64-76% [58, 62, 63] , a median response duration of 9.2-13.8 months [58, 62, 63] , and median progression-free survival of 9.3-11.4 months [58, 62, 63] ; median survival was not reached [58, 62, 63] . A 6-month survival rate of 93% was observed in 1 study [63] . To date, no studies comparing the combination of vemurafenib plus cobimetinib with the combination of dabrafenib plus trametinib have been conducted. When compared to the statistical data acquired for BRAF inhibitor monotherapy, these studies show the superiority of combined BRAF/MEK inhibition therapy over single-agent BRAF inhibitor therapy.
In the case of metastatic or unresectable CM, no standard therapy strategies exist. However, taking into account the described similarities between CM and skin melanoma, and the benefit that combined BRAF/MEK inhibition has brought in the treatment of malignant melanoma of the skin, BRAF/MEK inhibition should logically be the best treatment option in these cases, aiming for the most durable response.
However, clinical experience is still scarce, and only 2 cases where vemurafenib was administered as treatment for CM were described, yielding mixed results. In one case, the patient had metastatic CM, and while tumor regression with relief of symptoms was achieved after 1 month, restaging after the second month revealed partial tumor progression. In the other case, vemurafenib was used to treat nonmetastatic CM in order to avoid exenteration. Here, the disease could be controlled over 16 months until the decrease in tumor size allowed for surgical resection [67, 68] .
Additionally, Cao et al. [18] examined the prevalence of activating mutations in the MAPK and AKT (protein kinase B) pathways in benign conjunctival melanocytic lesions, premalignant conjunctival melanocytic lesions, and CM in a total of 129 patients. The study showed that the BRAF V600E mutation could be detected in 19% of the nevi and in 26% of the CM but not in the PAM. In contrast, nuclear and cytoplasmic phosphorylated (p)-ERK as well as nuclear and cytoplasmic p-AKT could be detected immunohistochemically in every group. In order to determine the therapeutic potential of either BRAF, MEK, or AKT inhibition in the treatment of CM, Cao et al. [18] then studied the effects of vemurafenib, dabrafenib, a MEK inhibitor (MEK162), and an AKT inhibitor (MK2206) on 3 CM cell lines. Of these cell lines, 2 displayed a BRAF mutation (CRMM1 and CM2005.1) and 1 had a BRAF wild type (CRMM2). Instead, CRMM2 cells harbored an NRAS mutation. Vemurafenib as well as dabrafenib were able to effectively decrease p-ERK in those cell lines positive for mutated BRAF, while a paradoxical increase was observed in the BRAF wild-type cell line. In the BRAF-mutated cell lines, p-AKT was only slightly decreased by BRAF inhibitors and MEK inhibitors, whereas in the BRAF wild-type cell line, BRAF inhibition led to an upregulation of p-AKT, and MEK inhibition resulted in downregulation of p-AKT. AKT inhibition was able to reduce p-AKT levels in all 3 cell lines.
Treatment with BRAF inhibitors resulted in growth inhibition of the BRAF mutants CRMM1 and CM2005.1, albeit to a different extent, while proliferation of the NRAS-mutated CRMM2 remained unaffected. MEK inhibition as well as AKT inhibition led to growth inhibition in all cell lines in a dose-dependent manner, with AKT inhibitors requiring relatively high doses to effectively inhibit growth. When investigated further, it was shown that in CM2005.1 cells, apoptosis was promoted strongly by BRAF inhibitors, modestly by MEK inhibitors, and only weakly by AKT inhibitors. In the other cell lines, neither drug affected apoptosis induction significantly. Finally, when cells were treated with combined MEK162 plus MK2206, it was revealed that at low doses, the combination treatment led to cell cycle arrest. In light of these results, the general applicability of BRAF/MEK inhibition to metastatic or unresectable CM seems feasible. However, the supposed advantage over alternative treatment option needs to be investigated clinically in further studies.
Other new drugs that have been FDA approved for use in metastatic or unresectable melanoma comprise ipilimumab, a monoclonal antibody directed against T-lymphocyte-associated antigen 4 (CTLA-4) [69] , as well as pembrolizumab and nivolumab, 2 monoclonal antibodies directed against the programmed cell death 1 (PD-1) receptor [70, 71] .
CTLA-4 and PD-1/PD-1 ligand are present on T lymphocytes and are often dysregulated in the microenvironment of malignant tumors. Notable examples are melanomas and non-small cell lung carcinomas [72, 73] . These proteins function as negative regulators of T-lymphocyte function at different immunological checkpoints. Activation of these receptors in the context of upregulated ligand expression in the tumor microenvironment helps drive the immune escape mechanism of melanoma cells by downregulation of the immune response against the neoplastic lesion [69] [70] [71] [72] [73] [74] .
The immunotherapeutic agents ipilimumab, nivolumab, and pembrolizumab, also referred to as "checkpoint inhibitors," work by inhibiting their respective target receptor, thus limiting the cancer cell-induced downregulation of T-cell response. This leads to an increased activation of the immune system, the aim being to eliminate the malignant lesions. All of these checkpoint inhibitors have been shown to significantly prolong progression-free survival compared to conventional chemotherapy in meta- 138 static melanoma [69] [70] [71] [74] [75] [76] . However, in the case of ipilimumab, response rates are relatively low. In one trial including 945 patients, nivolumab treatment was tested against nivolumab plus ipilimumab and ipilimumab alone [77] . The study showed objective response rates of 43.7% in the nivolumab group versus 57.6% in the combination group and 19% in the ipilimumab group. Interestingly, the response rates were 57.5% in the PD-1 ligand-positive subgroup of the nivolumab group versus 41.3% in the PD-1 ligand-negative subgroup.
In another trial including 279 patients who received either pembrolizumab every 2 weeks or every 3 weeks or ipilimumab treatment, the objective response rates to pembrolizumab every 2 and every 3 weeks were 33.7 and 32.9%, respectively [71] . For ipilimumab, an objective response rate of 11.9% was found. Here, a subgroup analysis examining the impact of PD-1 ligand expression was not conducted.
In order to determine the applicability of checkpoint inhibitors to metastatic CM, clinical studies have to be conducted trying these drugs against conventional chemotherapy and, possibly, BRAF/MEK inhibition in patients with CM. Furthermore, biological markers predicting a successful response have to be found. So far, the expression of PD-1 ligand in melanoma cells has been suggested as an indicator predicting response to PD-1-directed therapy [78] . However, this does not necessarily have to apply to CM and needs to be supported by clinical evidence.
Finally, mTOR (mammalian target of rapamycin) inhibition has been proposed as a new treatment option in CM, due to the fact that tumors commonly harbor mutations of the mTOR pathway [79] .
Adverse Effects
Systemic BRAF inhibitor therapy has a list of well-documented side effects. These encompass arthralgia, rash, photosensitivity reactions and pruritus, hyperkeratosis, fatigue, alopecia, nausea, vomiting, diarrhea, pyrexia, elevation of liver enzymes, facial nerve paralysis, retinal vein occlusions, QT interval prolongation, and elevation of creatinine kinase enzyme (the last, however, being more common in MEK inhibitor treatment). Another side effect of BRAF inhibitors that requires special mentioning is the development of keratoacanthomas and squamous cell carcinomas of the skin in up to 26% of patients. These develop most likely because of paradoxical upregulation of the MAPK pathway in BRAF wild-type cells harboring Ras mutations upstream of B-raf. Generally, these secondary tumors can be dealt with by simple excision [22, 48, 62, 63, 80, 81] .
Common adverse effects of MEK inhibitors include elevation of creatinine kinase, nausea, vomiting, diarrhea, constipation, rash, fatigue, edema, acneiform dermatitis, alopecia, hypertension, and a decreased ejection fraction [58, 62, 63, 82] .
While under BRAF/MEK inhibitor combination therapy, adverse events occurred more frequently than under single-agent therapy across most trials [48, 58, 60, 62, 63] , the rate of grade III or IV events has still been shown to be low for monotherapy as well as for combination therapy. Markedly, higher rates of gastrointestinal side effects, photosensitivity, chorioretinopathy, and retinal detachment have been demonstrated in the combination groups [48, 58, 62, 63] . Nonetheless, combination therapy was repeatedly proven to be superior in regard to the development of secondary skin tumors. Under combined BRAF/MEK inhibition, development of keratoacanthoma or squamous cell carcinoma of the skin was significantly lower than under BRAF inhibitor monotherapy in every study. Thus, combination therapy shows another distinct advantage over monotherapy in regard to adverse effects [48, 58, 62, 63] .
Future Perspectives
With recent advances in targeted therapies, there has been a leap forward in the treatment of skin melanoma, supported by evidence gained from various clinical trials. However, there is a lack of extensive studies on CM, owing to the fact that CM is a very rare malignancy. Since there seems to be a genetic and phenotypical relation between the 2 entities, therapies that have proven advantageous for skin melanoma must be further investigated concerning their applicability to CM. So far, the evidence suggests that BRAF inhibitors in combination with MEK inhibitors could become the treatment option of choice for unresectable or metastatic CM. Nevertheless, many more questions arise: what is the optimal dosis? What is the optimal route of application? Which agent should be used? Where to go next after progression? Alternative options that are on the horizon include PD-1 inhibition as well as CTLA-4 inhibition. Furthermore, scanning for BRAF mutations in order to determine a tumor's genetic profile seems like the logical next step to be included in the histopathological workup of CM. In the future, experimental and clinical studies will have to provide answers to these questions.
